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Urological tumors, such as prostate cancer, renal cell carcinoma, and bladder cancer, have shown a significant rise in prevalence in recent years and account for a significant proportion of malignant tumors. It has been established that metastasis to distant organs caused by urological tumors is the main cause of death, although the mechanisms underlying metastasis have not been fully elucidated. The fibronectin receptor integrin α5β1 reportedly plays an important role in distant metastasis and is closely related to tumor development. It is widely thought to be an important cancer mediator by interacting with different ligands, mediating tumor adhesion, invasion, and migration, and leading to immune escape. In this paper, we expound on the relationship and regulatory mechanisms of integrin α5β1 in these three cancers. In addition, the clinical applications of integrin α5β1 in these cancers, especially against treatment resistance, are discussed. Last but not least, the possibility of integrin α5β1 as a potential target for treatment is examined, with new ideas for future research being proposed.
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Introduction

Cancer remains one of the major contributors to death, with an estimated 19.3 million new cases and nearly 10 million cancer case deaths worldwide in 2021. Among the most prevalent cancers, prostate cancer ranks first, bladder cancer fourth, and renal cell cancer sixth in incidence rates among men (1). The main treatment for these diseases is surgical resection, but the outcomes are often unsatisfactory, mainly due to high recurrence rates (50% for bladder cancer and 40% for renal cell carcinoma) (2–4). During the treatment of prostate cancer, 80% of patients are initially highly sensitive to androgen deprivation therapy, but almost all enter the castration-resistant stage of prostate cancer after treatment (5). Metastatic disease is reportedly the leading cause of death from urological tumors, with lymph nodes surrounding the primary tumor being the primary target of metastasis, followed by metastases to the liver, lungs, and bone (6). Metastasis affects a patient’s quality of life and has an extremely poor prognosis since it can directly result in death. Understanding the mechanisms of tumor metastasis is crucial for controlling disease progression and prolonging the survival of this patient population.

Integrins are a family of cell surface receptors composed of α and β subunits that form heterodimers through non-covalent bonds and are expressed in most cells, including endothelial cells, fibroblasts, pericytes, and tumor cells (7, 8). Integrins are important regulators in vivo, mediating cell binding to the extracellular matrix and producing signals associated with various diseases, such as autoimmune responses, tissue and organ development, cardiovascular disease, and cancer (9). In humans, integrins consist of 18 α-subunits and eight β-subunits, forming 24 heterodimers. The α-subunits are mainly associated with receptor recognition and contribute to binding integrin receptors with cation-dependent fits. The β-subunits are associated with cell-to-mesenchyme and cell-to-cell signaling and are involved in cytoskeletal protein interactions and intracellular signaling (8, 10, 11). The α and β subunits both have a long extracellular structural domain and a short cytoplasmic tail; the cytoplasmic tail is connected to the actin cytoskeleton and intracellular signaling pathways such as SRC protein family kinases, focal adhesion kinase (FAK), Rho-GTPase family, mitogen-activated protein kinase (MAPK), protein kinase B (AKT), and integrin-linked protein kinase( (12). Integrins are important regulatory factors in the differentiation, metastasis, angiogenesis, and immune escape of tumor cells in vivo and tumor radiotherapy resistance.





Structure, function, and ligands of integrin α5β1

Integrin α5 is one of the 18 subunits of integrin α, which usually forms a heterodimer with integrin β1. Integrin α5β1 belongs to a family of 24 heterodimers of integrins, consisting of two subunits, α5 and β1 (13, 14). The human integrin α5 gene encodes the α5 subunit, localized at 12q11. The α5 subunit has an extracellular leg structural domain and a β-helix structural domain responsible for recognizing the arginine–glycine–aspartate structural domain (RGD structural domain) on fibronectin and fibrinogen (15). The β1 subunit is located at the chromosomal region 10p11.2 and consists of a follower protein–signin–integrin (PSI) structural domain, a heterodimeric domain, a β1 structural domain, and four epidermal growth factor-like structural domains (16). It is now understood that integrin α5β1 is dependent on the MIDAS (with metal ion-dependent adhesion sites) structure and divalent cations to interact with extracellular ligands, and calcium ions are important cations for integrin α5β1 ligand binding (17).

The integrin α5 subunit usually binds to the β1 subunit to form a heterodimeric integral membrane protein, the only known α5 integrin (18). After binding to the integrin α5β1 cytoplasmic tail and associated ligands, it binds to the cytoskeleton and drives cytoskeletal reorganization through an outside-in signaling pathway. Integrin α5β1-regulated intracellular signaling activates the extracellular compartment and assists in assembling the extracellular matrix, i.e., an inside-out signaling pathway (19). This bidirectional signaling pathway involves biological behaviors such as cell adhesion, migration, and survival (20). In addition, integrin α5β1 can act as a pro-angiogenic factor that is involved in tumor angiogenesis by interacting with vascular endothelial growth factor receptor and angiopoietin and has received a great deal of attention for its importance in tumorigenesis, metastasis, and drug resistance (21).





Integrin α5β1-related ligands

Current evidence suggests that integrin α5β1 plays an important role in tumor metastasis, and cell membrane ligands initiate cancer cell invasion by regulating α5β1 activation. Given that integrin α5β1 can recognize and adhere to extracellular ligands with RGD structural domains, most of its ligands have RGD structures. Fibronectin, fibrinogen, and fibrin-1 are the main ligands of integrin α5β1 and, in addition to mediating cell proliferation, migration, and differentiation effects, promote fibronectin polymerization and assembly into a matrix and have a potential role in proliferation and invasion in urological tumors (9, 22–25). Interestingly, endothelial cells secrete soluble vascular endothelial growth factor receptor-1, a stroma-associated protein that interacts with integrin α5β1 and plays an important role in angiogenesis in cancer (26). Other related ligands containing RGD structures include Adgre5, UPAR, and TRAP, which interact with integrin α5β1 to induce intracellular signaling, migration, and angiogenesis in tumor cells (27–29). Related ligands for integrin α5β1 also include porcine hemagglutinating encephalomyelitis virus, 25-hydroxycholesterol, tubulointerstitial nephritis antigen-like 1, pregnancy-specific glycoprotein 1, and neuropilin, among others (30–34). These studies overlap in their assertion that these ligands play important roles in cell adhesion, invasion, proliferation, and angiogenesis during binding to integrin α5β1 (Table 1).


Table 1 | Ligands and roles of integrin α5β1.







Role of integrin α5β1 in common urological tumors

The aberrant expression of integrins has been associated with the development of urologic tumors and their poor prognosis. Integrin–extracellular matrix interactions play a key role in cell adhesion. As a transmembrane protein, integrin α5β1 possesses extracellular, transmembrane, and cytoplasmic structural domains, where the extracellular and transmembrane structural domains are responsible for binding to extracellular matrix proteins or other extracellular ligands and participate in subsequent signaling pathway functions, while the cytoplasmic structural domain can interact with cytoskeleton-associated proteins and affect cell migration, invasion, and proliferation (9, 31, 35–41). The functional role of integrin α5β1 in common urological tumors will be briefly described below.




Prostate cancer

It has been established that, in prostate cancer, there is a correlation between altered integrin expression and abnormal extracellular matrix secretion, progression, and invasion (42, 43). Several studies have reported the dysregulation of both integrin α and β subunits during prostate cancer progression (44, 45). Fibronectin polymerization is an important regulator of extracellular matrix stability (25, 46). A study revealed that the blockade of integrin α5β1 with the proline–histidine–serine–arginine–asparagine (PHSCN) peptide significantly prevented cell metastasis in preclinical prostate cancer models and in phase I clinical trials conducted in parallel (47). In an in vitro study, it was shown that integrin α5 plays an important role in the adhesion and spreading of PC-3 prostate cancer cells interacting with fibronectin, and blocking integrin α5 caused a decrease in the number of adherent cells in the early stages of adhesion, diminished cell extension kinetics, and cell morphology changes. Besides these, cytoskeletal protein reorganization was diminished. Moreover, the blockade of integrins using the fibronectin-related peptide GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro) completely inhibited the growth and cell morphological alterations of prostate cancer PC-3 cells, confirming that integrins interact with the FNIII10 structural domain and play a key role in these processes (48, 49). The downregulation of the β1 integrin subunit has been shown to significantly reduce the expression of the relevant α-subunit in prostate cancer cell lines (50). Moreover, in the absence of type 1 insulin-like growth factor receptor, integrin α5β1 was transported to the proteasome and lysosome for degradation rather than transferred to the intranucleosome for recycling, and type 1 insulin-like growth factor receptor signaling controlled the stability of integrin α5 through the proteasome pathway, thereby regulating the stability of prostate cancer pro-survival signaling (50, 51). The inhibition of the α5 subunit in vivo has been shown in other studies to significantly inhibit tumor growth (52, 53). In conclusion, integrin α5 plays an important role in prostate cancer progression, and it can be inferred that integrin α5-related inhibitors may contribute to blocking tumor progression.





Bladder cancer

Bladder cancer is one of the most common urinary tract cancers, ranking ninth in the global incidence of cancer (54). Integrin α5β1 has also been correlated with the development and progression of bladder cancer. Zhou et al. (55) found that the interaction between integrin α5 and fibronectin could be affected by the sialidase NEU1, and NEU1 overexpression decreased the levels of fibronectin and integrin α5 in the plasma membrane, increased the degradation of fibronectin by lysosomes, and inhibited the downstream AKT pathway. These processes suppressed cancer cell proliferation, induced apoptosis, and inhibited tumor formation in vitro and in vivo, thereby inhibiting bladder cancer progression. Laidler et al. (56) found that the expression of integrin subunits α5 and β1 was significantly higher in malignant bladder cancer cells Hu456 and T24 than in non-malignant uroepithelial cell HCV29, suggesting that changes in integrin α5β1 expression may also contribute to bladder metastasis cell carcinoma progression, invasion, and metastasis. It has been shown that the adhesion of BCG to bladder cancer tumor cells is mediated by fibronectin (57). The direct antitumor effect of BCG in the treatment of bladder cancer is initiated by binding to the fibronectin receptor integrin α5 (58). The correlation between high integrin expression and bladder metastatic cell carcinoma was consistent with the antitumor properties of BCG (59). Kato et al. (60) found that BCG exhibited antiproliferative effects only in integrin α5-positive T24 and HT1376 cells but not in RT4 cells lacking integrin α5 on their surface, demonstrating that the antitumor effect of BCG on bladder cancer is at least partially dependent on the biological function of integrin α5.





Kidney cancer

Kidney cancer is reportedly the 12th most common cancer globally, with six cases per 100,000 men and three cases per 100,000 women diagnosed with kidney cancer yearly. The incidence is estimated to increase by 2.4% annually (61). Integrin α5 is expressed at significantly higher levels in renal clear cell carcinoma than in normal tissue and plays an important role in renal cancer progression (62). Hase et al. (63) showed that the LOX-like protein (LOXL2) promotes tumor progression by regulating integrin α5 levels through protease and proteasome-dependent pathways. Haber et al. (64) found that increasing integrin α5 levels and downstream signaling through AKT could help tumor cells adhere to extracellular matrix compounds and promote bone metastasis in renal cell carcinoma. It has also been shown that, by inhibiting integrin-linked kinase, the quinazoline-derived drug DZ-50 could significantly inhibit the metastasis of renal cancer by blocking the phosphorylation of AKT and FAK and subsequent cell survival, disrupting the adhesion of integrin α5, and killing tumor cells by exposure to extracellular matrix-associated tumor suppressors (65).






Mechanism of integrin α5β1-mediated tumor proliferation, metastasis, and drug resistance

Integrin α5β1 does not directly regulate tumor proliferation, metastasis, and drug resistance but by a combination of extracellular ligands and intracellular signaling pathways. Some mechanistic studies on integrin α5β1-mediated urological tumors in related aspects are briefly described below (Figure 1).




Figure 1 | Schematic diagram of the signaling pathways involved in integrin α5β1 that mediate tumor cell proliferation, migration, angiogenesis, and drug resistance. Integrin α5β1 contributes to cancer progression by activating the PI3K/AKT, MAPK, and ERK signaling pathways. LOXL2 protein regulates the stability of integrin α5β1, which is also the downstream target of many miRNAs. Integrin α5β1 is also involved in mTOR inhibitor resistance through the FAK/Src axis.






PI3 and MAPK signaling pathways

Insulin-like growth factor 1 (IGF-1) is a single-chain polypeptide that mediates endocrine, autocrine, and paracrine growth, thus acting as a potent growth factor. IGF-1 acts on cells by binding to its receptor, IGF-IR, a transmembrane protein with tyrosine kinase activity (66). The insulin receptor substrate protein (IRS) is a specific docking protein for IGF-IR and insulin receptor (IR) (67). It has been established that IRS1 and IRS2 do not contain intrinsic kinase activity but function by recruiting proteins to surface receptors and assembling them into signaling complexes. Signals from IRS proteins lead to the activation of pathways, including phosphatidylinositol-3 kinase (PI3K) and mitotic-activated protein kinase (MAPK) (68). Interestingly, these two pathways can be activated by integrins (69, 70). The link between integrins and IRS1 has been suggested as a possible mechanism for the synergistic effect of growth factors and extracellular matrix receptors (71). IGF-1 signaling is reportedly regulated by a negative feedback mechanism through ubiquitin/proteasome-mediated OFIRS2 degradation, which regulates the magnitude and duration of the response to insulin or IGF-1 (72). The integrin β1 subunit regulates IGF-IR expression and is essential for IGF-1-mediated androgen receptor (AR) activity (73). The downregulation of IGF-IR leads to a significant reduction in integrin α5 and β1 subunits; the inhibition of α5 integrin in vivo can significantly reduce tumor growth (74). This phenomenon may be attributed to the fact that IGF-IR regulates the stability of integrin α5β1 via the proteasome pathway, which modulates pro-proliferative signaling in prostate cancer cells (51).





PI3K and FAK/AKT signaling pathways

Adhesion to fibronectin and its fragments, migration, and invasion of prostate cancer cells via integrin α5 is considered one of the mechanisms by which bone marrow localization is regulated by bone-derived mesenchymal stromal cells (49, 75, 76). Integrin-mediated cell adhesion to extracellular matrix components is an important regulator of tumor cell survival (77). Reducing the expression of the BCL-2 family and inducing apoptosis in PC-3 cells by knocking down integrin α5, the combined inhibition of the PI3K signaling pathway and integrin α5 enhanced apoptosis in these PTEN mutant cells. Furthermore, when BCL-2/BCL-XL was inhibited, the transcription and expression of integrin α5 were upregulated (78), which may be attributed to the fact that the synergistic inhibition of PI3K and integrin α5 leads to a reduced expression of the BCL-2 family downstream of integrin α5, mediating apoptosis in prostate cancer cells.

Cytoskeletal organization and adhesion formation are essential for cell motility and structural support (19). Integrins link the ECM to the intracellular cytoskeleton and adhesion foci, thereby controlling multiple signal transduction pathways, including cell proliferation and survival (79). Wang et al. showed that the decreased expression of integrin α5 contributed to the inhibition of lung colonization in bladder cancer, and depletion of eIF3b inhibited integrin α5 expression, suggesting that integrin is an important target leading to actin skeleton and adhesion disruption. The decrease in integrin yielded a similar effect on FAK and AKT phosphorylation (80). Similarly, the upregulation of integrin β1 induced FAK phosphorylation, leading to prostate cancer progression (81).





LOXL2

LOX-like protein 2 (LOXL2) is a member of the lysyl oxidase family, consisting of Lox and four Lox-like proteins, with intracellular and extracellular functions. The secreted LOXL2 regulates integrin levels to promote tumor progression in renal clear cell carcinoma (ccRCC) by regulating lysyl oxidase LOXL2 status and its correlation with tumor staging (82). It was shown that LOXL2 and integrin α5β1 were significantly higher in ccRCC tissues than in normal kidney tissues, and LOXL2 was involved in the stabilization of integrin α5β1 protein in ccRCC cells. The RNAi-mediated knockdown of LOXL2 significantly inhibited stress fiber and adherent plaque formation in ccRCC cells. In addition, LOXL2 siRNA knockdown significantly inhibited cell growth, migration, and invasion. Mechanistically, it regulated the degradation of integrin α5β1 through proteasomal and proteasome-dependent systems (63). Collectively, these findings suggest that LOXL2 is a potent regulator of integrin α5β1 protein levels and has a pro-tumor effect in ccRCC.





MicroRNA

MicroRNAs are endogenous non-coding RNAs found in eukaryotes that have regulatory functions. miRNAs consist of 21–25 nucleotides, are extensively involved in the pathogenesis of human cancers, and can function as oncogenes and tumor suppressors (83). Integrin α5 has been shown in previous studies to be a downstream target of many miRNAs, such as miR-26a, and miR-148b (84, 85). In bladder cancer, it was shown that integrin α5 and miR-328-3p expression were negatively correlated, and targeting integrin α5 inhibited bladder carcinogenesis by miR-328-3p could prevent bladder carcinogenesis and progression by targeting integrin α5 and inhibiting the downstream PI3K/AKT signaling pathway (86). Xu et al. reported that miR-31 expression inhibited bladder carcinogenesis by downregulating integrin α5 as well as downstream cascade signaling to exert tumor-suppressive effects by overexpressing miR-31, leading to the inhibition of Akt and ERK phosphorylation, possibly secondary to the downregulation of integrin α5. When integrin α5 expression was restored, the Akt and ERK signaling pathways were re-activated (87). Therefore, inhibition of bladder cancer by targeting integrin α5 and downregulating the Akt/ERK signaling pathway activity represents potential approaches.





Drug resistance

During clinical practice, drug resistance is commonly observed in the treatment of tumors, and studies have shown that integrin α5β1 is involved in this phenomenon. Juengel et al. found that integrin α5 was involved in the development of renal clear cell carcinoma resistant to mTOR inhibitors, characterized by quantitative changes in integrin α5 expression during drug resistance and coupled with altered molecular function of integrins, forcing renal clear cell carcinoma to shift from adhesion to migration (88). Similarly, in studies of resistance to mTOR inhibitors in prostate cancer, β1 integrins significantly triggered the migration of tumor cells, mediating the activation of the AKT signaling pathway and triggering cancer cell metastasis during the upregulation of β1 integrin expression (89). In studies investigating bladder cancer resistance to gemcitabine and cisplatin, integrin β1 expression was upregulated in both resistant cell lines, and when integrin β1 was inhibited, its adhesion and chemotaxis were reduced in both resistant cell lines (90). Wu et al. found that HHT exhibited a stronger inhibitory activity than cisplatin, carboplatin, and doxorubicin in acting on bladder cancer; integrin α5β1 played a role in the resistance of bladder cancer to HHT treatment by extinguishing the integrin 5β1-FAK/Src axis. This resulted in the downregulation of the MAPK/ERK and PI3/Akt signaling pathways, decreased cell–ECM interactions and cell migration, and ultimately inhibited tumor progression and potential tumor resistance following treatment (91). Therefore, the study of integrin α5β1 in tumor resistance may help to treat disease progression due to drug resistance and prolong the survival of these patients.





Integrin α5β1 as a specific therapeutic target

Integrin α5β1 represents a promising therapeutic target for tumor angiogenesis and tumor cell expression. Although most studies involving α5β1 inhibitors are in the preclinical or pre-phase III clinical trial stages, many specific inhibitors have been successfully developed. These inhibitors hold huge potential for use against specific subgroups of aggressive tumors at this stage. Given that integrin α5β1 can enhance angiogenesis, the main function of these related inhibitors is anti-angiogenesis, with the development of specific antibodies and small peptides that target this pathway (Table 2).


Table 2 | Integrin α5β1-related inhibitors and functions.






Atn-161

ATN-161 (Ac-Pro-Her-Ser-Cys-Asn-NH2) is a small pentapeptide-containing cysteine that mainly binds to the arginine–glycine–aspartate (RGD) structural domain and acts as an inhibitor of integrin α5 (92). After the ATN-161 (PHSCN) peptide terminal was acetylated and amidated, its stability and biological activity were increased by 30 folds (93). ATN-161 reportedly originates from a synergistic position of fibronectin and interacts with integrin α5β1. It has been shown that this peptide preferentially binds to activated integrin α5β1, blocking prostate cancer invasion in vitro and inhibiting prostate cancer growth, metastasis, and tumor recurrence. In phase I clinical trials, systemic PHSCN peptide monotherapy demonstrated good tolerability, with metastatic disease progression delayed by 4–14 months in one-third of the treated patients (94). In another study on this drug, the integrin inhibitor AT-161 combined with 5-fluorouracil was injected into a mouse colon cancer liver metastasis model, and the combined application of ATN-161 and 5-fluorouracil significantly reduced tumor load as well as the extent of liver metastasis (P < 0.02), with significantly fewer hepatic tumor microvessels in the ATN-161 and ATN-161, 5-fluorouracil groups than in the control and 5-fluorouracil groups (P < 0.05). The combination of ATN-161 and 5-fluorouracil was more effective than either treatment alone, with a significantly increased apoptosis rate of tumor cells, inhibited proliferation of tumor cells (P < 0.03), and improved overall survival rate (P < 0.03) (95). Overall, the integrin α5 inhibitor ATN-161 plays an important role in anti-angiogenesis and is expected to become an important therapeutic agent in inhibiting tumor progression and anti-angiogenic treatment regimens.





Volociximab

Volociximab is a chimeric human α5β1 antibody that consists of a variable region of mouse antibodies, including a complementarity-determining region against the α5β1 integrin, combined with a constant region of human IgG4 heavy chain and kappa light chain. In preclinical models, volociximab has shown the ability to prevent neovascularization by inhibiting fibronectin binding, has similar affinity and activity to integrin α5, and has been shown to be safe, effective, and tolerable (96). Moreover, it was well tolerated in phase Ib in patients with non-small cell lung cancer, phase II in patients with epithelial ovarian or primary peritoneal cancer, and phase II trials in metastatic renal cell carcinoma (97–100).





BsAbα5β1/αv

Joshi et al. prepared and analyzed a bispecific antibody (BsAbα5β1/αv) in prostate cancer that targets the degradation of both α5 and αv integrins. The results showed that this antibody was superior to monoclonal antibodies in eliminating prostate cancer cell adhesion, migration, and clonal survival (101).





SJ749

SJ749 is a non-peptide inhibitor of integrin α5 that inhibits angiogenesis by affecting endothelial cell adhesion and migration (102). It has been shown that SJ749 inhibited the adhesion of both cell types to fibronectin in a dose-dependent manner and inhibited the proliferation of A172 cells in its effect on two human astrocytoma cell lines, A172 and U87 (103). It was also reported that SJ749 inhibition of integrin α5 reduced the chemotherapy-induced premature senescence in human glioblastoma and promoted apoptosis in a functional P53 background (U87MG cells) (104).





JSM6427

JSM6427 is also a potent, highly specific inhibitor of integrin α5 (105). This drug was developed as an anti-angiogenic agent for treating age-related macular degeneration (106). It has also been shown to inhibit the attachment, migration, and proliferation of human retinal pigment epithelium (RPE) cells with fibronectin. This inhibition was followed by a reorganization of the RPE cytoskeleton with distinct features similar to the quiescent state of the cells (107). Another study showed that the integrin α5 inhibitor JSM6427 inhibited the growth of gliomas and reduced the density of microglia at the tumor margins. After injecting glioma cells into experimental mice for 21 days and then treating them with JSM6427 for 14 days, the tumor volume was significantly reduced compared to the control group (108).





Other

Many blocking antibodies have been developed against the interaction between integrin α5 and fibronectin—for example, IIA1, a functionally blocking mouse antibody to integrin α5, can inhibit angiogenesis, cell adhesion, invasion, and tumor cell survival in vitro (109). MINT1526A, a functionally blocking monoclonal antibody to integrin α5, has been used as an anti-angiogenic treatment. When combined with integrin α5 and vascular endothelial growth factor inhibition, MINT1526A was well tolerated in phase I clinical trials and has demonstrated efficacy (110) (Table 2).







Challenges in the clinical application of integrin α5β1

Research on integrin α5β1 inhibitors in recent years has helped to demonstrate the specificity of integrins and the ability of these inhibitors to control multiple oncogenic pathways. The development of integrin inhibitor compounds is essential for developing new and more effective therapeutic options for treating urologic tumors. Most integrin α5β1 inhibitors are currently in phase 1 and phase 2 clinical studies, and it is essential to initiate phase 3 clinical trials as soon as possible (111). There are several α5β1 imaging probes for the molecular imaging of tumors, which provide new avenues for subsequent cancer diagnosis (112–116).





Conclusion

This review describes the structure, function, and association of integrin α5β1 with prostate cancer, renal cell carcinoma, and bladder cancer as well as the clinical applications and research in these diseases. Integrin α5β1 is closely associated with cancer development, progression, and prognosis. Dysregulation of integrin α5β1 is strongly related to the development of urological tumors and may serve as an important indicator for evaluating invasion and migration. Additionally, the upregulation of integrin α5β1 can promote the development of drug resistance in cancer cells, which prompted the exploration of novel strategies for overcoming drug resistance in chemotherapy. The overexpression of integrin α5β1 has been documented in various tumors and reportedly contributes to tumor progression, making it a potential target for tumor imaging and an independent indicator of poor prognosis. Besides this, it has been extensively explored as a tumor suppressor in preclinical or clinical studies. Nonetheless, integrin α5β1 has not yet been established as a definitive molecular biomarker that can be applied to specific diseases, representing an area for future research. Therefore, research on integrin α5β1 can help to improve the diagnosis and treatment of this patient population.





Author contributions

GuZ conceived the manuscript. XuZ searched publications and drafted the manuscript. HZ, HX, and CL edited the tables and figures. XiZ and JZ reviewed the manuscript and polished the grammar. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Natural Science Foundation of China (grant nos. 81760462 and 81860456). This research was supported by the Science and Technology Research Project of Jiangxi Provincial Education Department (grant no. GJJ180789). This study was also supported by the Leading Talents Program of Jiangxi Provincial Major Discipline Academic and Technical Leaders Training Program (grant no. 20213BCJL22038).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistics, 2021. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

2. Massari, F, Di Nunno, V, Ciccarese, C, Graham, J, Porta, C, Comito, F, et al. Adjuvant therapy in renal cell carcinoma. Cancer Treat Rev (2017) 60:152–7. doi: 10.1016/j.ctrv.2017.09.004

3. Liu, F, Zhang, H, Xie, F, Tao, D, Xiao, X, Huang, C, et al. Hsa_circ_0001361 promotes bladder cancer invasion and metastasis through miR-491-5p/MMP9 axis. Oncogene (2020) 39(8):1696–709. doi: 10.1038/s41388-019-1092-z

4. Yang, L, Zou, X, Zou, J, and Zhang, G. A review of recent research on the role of MicroRNAs in renal cancer. Med Sci Monit (2021) 27:e930639. doi: 10.12659/MSM.930639

5. Gillessen, S, Armstrong, A, Attard, G, Beer, TM, Beltran, H, and Bjartell, A. Management of patients with advanced prostate cancer: report from the advanced prostate cancer consensus conference 2021. Eur Urol (2022) 82(1):115–41. doi: 10.1016/j.eururo.2022.04.002

6. Wang, G, Zhao, D, Spring, DJ, and DePinho, RA. Genetics and biology of prostate cancer. Genes Dev (2018) 32(17-18):1105–40. doi: 10.1101/gad.315739.118

7. Desgrosellier, JS, and Cheresh, DA. Integrins in cancer: biological implications and therapeutic opportunities. Nat Rev Cancer (2010) 10(1):9–22. doi: 10.1038/nrc2748

8. Chen, JR, Zhao, JT, and Xie, ZZ. Integrin-mediated cancer progression as a specific target in clinical therapy. BioMed Pharmacother (2022) 155:113745. doi: 10.1016/j.biopha.2022.113745

9. Schwartz, MA, and Ginsberg, MH. Networks and crosstalk: integrin signalling spreads. Nat Cell Biol (2002) 4(4):E65–8. doi: 10.1038/ncb0402-e65

10. Humphries, JD, Byron, A, and Humphries, MJ. Integrin ligands at a glance. J Cell Sci (2006) 119(Pt 19):3901–3. doi: 10.1242/jcs.03098

11. Li, Q, Lan, T, Xie, J, Lu, Y, Zheng, D, and Su, B. Integrin-mediated tumorigenesis and its therapeutic applications. Front Oncol (2022) 12:812480. doi: 10.3389/fonc.2022.812480

12. Naci, D, Vuori, K, and Aoudjit, F. Alpha2beta1 integrin in cancer development and chemoresistance. Semin Cancer Biol (2015) 35:145–53. doi: 10.1016/j.semcancer.2015.08.004

13. Rocha, LA, Learmonth, DA, Sousa, RA, and Salgado, AJ. αvβ3 and α5β1 integrin-specific ligands: from tumor angiogenesis inhibitors to vascularization promoters in regenerative medicine. Biotechnol Adv (2018) 36(1):208–27. doi: 10.1016/j.biotechadv.2017.11.004

14. Kanchanawong, P, and Calderwood, DA. Organization, dynamics and mechanoregulation of integrin-mediated cell-ECM adhesions. Nat Rev Mol Cell Biol (2023) 24(2):142–61. doi: 10.1038/s41580-022-00531-5

15. Nagae, M, Re, S, Mihara, E, Nogi, T, Sugita, Y, and Takagi, J. Crystal structure of α5β1 integrin ectodomain: atomic details of the fibronectin receptor. J Cell Biol (2012) 197(1):131–40. doi: 10.1083/jcb.201111077

16. Barczyk, M, Carracedo, S, and Gullberg, D. Integrins. Cell Tissue Res (2010) 339(1):269–80. doi: 10.1007/s00441-009-0834-6

17. Carman, CV, and Springer, TA. Integrin avidity regulation: are changes in affinity and conformation underemphasized. Curr Opin Cell Biol (2003) 15(5):547–56. doi: 10.1016/j.ceb.2003.08.003

18. Pacifici, R, Basilico, C, Roman, J, Zutter, MM, Santoro, SA, and McCracken, R. Collagen-induced release of interleukin 1 from human blood mononuclear cells. potentiation by fibronectin binding to the alpha 5 beta 1 integrin. J Clin Invest (1992) 89(1):61–7. doi: 10.1172/JCI115586

19. Ridley, AJ, Schwartz, MA, Burridge, K, Firtel, RA, Ginsberg, MH, Borisy, G, et al. Cell migration: integrating signals from front to back. Science (2003) 302(5651):1704–9. doi: 10.1126/science.1092053

20. Nieberler, M, Reuning, U, Reichart, F, Notni, J, Wester, H-J, Schwaiger, M, et al. Exploring the role of RGD-recognizing integrins in cancer. Cancers (Basel) (2017) 9(9). doi: 10.3390/cancers9090116

21. Schaffner, F, Ray, AM, and Dontenwill, M. Integrin α5β1, the fibronectin receptor, as a pertinent therapeutic target in solid tumors. Cancers (Basel) (2013) 5(1):27–47. doi: 10.3390/cancers5010027

22. Mould, AP, Akiyama, SK, and Humphries, MJ. Regulation of integrin alpha 5 beta 1-fibronectin interactions by divalent cations. evidence for distinct classes of binding sites for Mn2+, Mg2+, and Ca2+. J Biol Chem (1995) 270(44):26270–7. doi: 10.1074/jbc.270.44.26270

23. Suehiro, K, Gailit, J, and Plow, EF. Fibrinogen is a ligand for integrin alpha5beta1 on endothelial cells. J Biol Chem (1997) 272(8):5360–6. doi: 10.1074/jbc.272.8.5360

24. Bax, DV, Bernard, SE, Lomas, A, Morgan, A, Humphries, J, Shuttleworth, CA, et al. Cell adhesion to fibrillin-1 molecules and microfibrils is mediated by alpha 5 beta 1 and alpha v beta 3 integrins. J Biol Chem (2003) 278(36):34605–16. doi: 10.1074/jbc.M303159200

25. Dalton, CJ, and Lemmon, CA. Fibronectin: molecular structure, fibrillar structure and mechanochemical signaling. Cells (2021) 10(9). doi: 10.3390/cells10092443

26. Orecchia, A, Lacal, PM, Schietroma, C, Morea, V, Zambruno, G, and Failla, CM. Vascular endothelial growth factor receptor-1 is deposited in the extracellular matrix by endothelial cells and is a ligand for the alpha 5 beta 1 integrin. J Cell Sci (2003) 116(Pt 17):3479–89. doi: 10.1242/jcs.00673

27. Wang, T, Ward, Y, Tian, L, Lake, R, Guedez, L, Stetler-Stevenson, WG, et al. CD97, an adhesion receptor on inflammatory cells, stimulates angiogenesis through binding integrin counterreceptors on endothelial cells. Blood (2005) 105(7):2836–44. doi: 10.1182/blood-2004-07-2878

28. Léveillé, C, Bouillon, M, Guo, W, Bolduc, J, Sharif-Askari, E, El-Fakhry, Y, et al. CD40 ligand binds to alpha5beta1 integrin and triggers cell signaling. J Biol Chem (2007) 282(8):5143–51. doi: 10.1074/jbc.M608342200

29. Tarui, T, Andronicos, N, Czekay, RP, Mazar, AP, Bdeir, K, Parry, GC, et al. Critical role of integrin alpha 5 beta 1 in urokinase (uPA)/urokinase receptor (uPAR, CD87) signaling. J Biol Chem (2003) 278(32):29863–72. doi: 10.1074/jbc.M304694200

30. Cao, Y, Hoeppner, LH, Bach, S, Guangqi, E, Guo, Y, Wang, E, et al. Neuropilin-2 promotes extravasation and metastasis by interacting with endothelial α5 integrin. Cancer Res (2013) 73(14):4579–90. doi: 10.1158/0008-5472.CAN-13-0529

31. Lv, X, Li, Z, Guan, J, Hu, S, Zhang, J, Lan, Y, et al. Porcine hemagglutinating encephalomyelitis virus activation of the integrin α5β1-FAK-Cofilin pathway causes cytoskeletal rearrangement to promote its invasion of N2a cells. J Virol (2019) 93(5). doi: 10.1128/JVI.01736-18

32. Pokharel, SM, Shil, NK, Gc, JB, Colburn, ZT, Tsai, S-Y, Segovia, JA, et al. Integrin activation by the lipid molecule 25-hydroxycholesterol induces a proinflammatory response. Nat Commun (2019) 10(1):1482. doi: 10.1038/s41467-019-09453-x

33. Shen, M, Jiang, YZ, Wei, Y, Ell, B, Sheng, X, Esposito, M, et al. Tinagl1 suppresses triple-negative breast cancer progression and metastasis by simultaneously inhibiting Integrin/FAK and EGFR signaling. Cancer Cell (2019) 35(1):64–80.e7. doi: 10.1016/j.ccell.2018.11.016

34. Rattila, S, Dunk, C, Im, M, Grichenko, O, Zhou, Y, Yanez-Mo, M, et al. Interaction of pregnancy-specific glycoprotein 1 with integrin α5β1 is a modulator of extravillous trophoblast functions. Cells (2019) 8(11). doi: 10.3390/cells8111369

35. Cosset, EC, Godet, J, Entz-Werlé, N, Guérin, E, Guenot, D, Froelich, S, et al. Involvement of the TGFβ pathway in the regulation of α5 β1 integrins by caveolin-1 in human glioblastoma. Int J Cancer (2012) 131(3):601–11. doi: 10.1002/ijc.26415

36. De Toni-Costes, F, Despeaux, M, Bertrand, J, Bourogaa, E, Ysebaert, L, Payrastre, B, et al. A new alpha5beta1 integrin-dependent survival pathway through GSK3beta activation in leukemic cells. PloS One (2010) 5(3):e9807. doi: 10.1371/journal.pone.0009807

37. Kim, S, Kang, HY, Nam, EH, Choi, M-S, Zhao, X-F, Hong, CS, et al. TMPRSS4 induces invasion and epithelial-mesenchymal transition through upregulation of integrin alpha5 and its signaling pathways. Carcinogenesis (2010) 31(4):597–606. doi: 10.1093/carcin/bgq024

38. Zhang, W, Ju, J, Rigney, T, and Tribble, G. Integrin α5β1-fimbriae binding and actin rearrangement are essential for porphyromonas gingivalis invasion of osteoblasts and subsequent activation of the JNK pathway. BMC Microbiol (2013) 13:5. doi: 10.1186/1471-2180-13-5

39. Oh, SH, Kim, JW, Kim, Y, Lee, MN, Kook, M-S, Choi, EY, et al. The extracellular matrix protein Edil3 stimulates osteoblast differentiation through the integrin α5β1/ERK/Runx2 pathway. PloS One (2017) 12(11):e0188749. doi: 10.1371/journal.pone.0188749

40. Subbaram, S, and Dipersio, CM. Integrin α3β1 as a breast cancer target. Expert Opin Ther Targets (2011) 15(10):1197–210. doi: 10.1517/14728222.2011.609557

41. Wang, W, Tang, M, Zhang, L, Xu, X, Qi, X, Yang, Y, et al. Clinical implications of CSN6 protein expression and correlation with mutant-type P53 protein in breast cancer. Jpn J Clin Oncol (2013) 43(12):1170–6. doi: 10.1093/jjco/hyt148

42. Goel, HL, Li, J, Kogan, S, and Languino, LR. Integrins in prostate cancer progression. Endocr Relat Cancer (2008) 15(3):657–64. doi: 10.1677/ERC-08-0019

43. Jiang, Y, Dai, J, Yao, Z, Shelley, G, and Keller, ET. Abituzumab targeting of αV-class integrins inhibits prostate cancer progression. Mol Cancer Res (2017) 15(7):875–83. doi: 10.1158/1541-7786.MCR-16-0447

44. Knudsen, BS, and Miranti, CK. The impact of cell adhesion changes on proliferation and survival during prostate cancer development and progression. J Cell Biochem (2006) 99(2):345–61. doi: 10.1002/jcb.20934

45. Krishn, SR, Singh, A, Bowler, N, Duffy, AN, Friedman, A, Fedele, C, et al. Prostate cancer sheds the αvβ3 integrin in vivo through exosomes. Matrix Biol (2019) 77:41–57. doi: 10.1016/j.matbio.2018.08.004

46. Sottile, J, and Hocking, DC. Fibronectin polymerization regulates the composition and stability of extracellular matrix fibrils and cell-matrix adhesions. Mol Biol Cell (2002) 13(10):3546–59. doi: 10.1091/mbc.e02-01-0048

47. Veine, DM, Yao, H, Stafford, DR, Fay, KS, and Livant, DL. A d-amino acid containing peptide as a potent, noncovalent inhibitor of α5β1 integrin in human prostate cancer invasion and lung colonization. Clin Exp Metastasis (2014) 31(4):379–93. doi: 10.1007/s10585-013-9634-1

48. Stachurska, A, Elbanowski, J, and Kowalczyńska, HM. Role of α5β1 and αvβ3 integrins in relation to adhesion and spreading dynamics of prostate cancer cells interacting with fibronectin under in vitro conditions. Cell Biol Int (2012) 36(10):883–92. doi: 10.1042/CBI20110522

49. Joshi, R, Goihberg, E, Ren, W, Pilichowska, M, and Mathew, P. Proteolytic fragments of fibronectin function as matrikines driving the chemotactic affinity of prostate cancer cells to human bone marrow mesenchymal stromal cells via the α5β1 integrin. Cell Adh Migr (2017) 11(4):305–15. doi: 10.1080/19336918.2016.1212139

50. Goel, HL, Underwood, JM, Nickerson, JA, Hsieh, CC, and Languino, LR. Beta1 integrins mediate cell proliferation in three-dimensional cultures by regulating expression of the sonic hedgehog effector protein, GLI1. J Cell Physiol (2010) 224(1):210–7. doi: 10.1002/jcp.22116

51. Sayeed, A, Fedele, C, Trerotola, M, Ganguly, KK, and Languino, LR. IGF-IR promotes prostate cancer growth by stabilizing α5β1 integrin protein levels. PloS One (2013) 8(10):e76513. doi: 10.1371/journal.pone.0076513

52. McKenzie, JA, Liu, T, Jung, JY, Jones, BB, Ekiz, HA, Welm, AL, et al. Survivin promotion of melanoma metastasis requires upregulation of α5 integrin. Carcinogenesis (2013) 34(9):2137–44. doi: 10.1093/carcin/bgt155

53. Connell, B, Kopach, P, Ren, W, Joshi, R, Naber, S, Zhou, M, et al. Aberrant integrin αv and α5 expression in prostate adenocarcinomas and bone-metastases is consistent with a bone-colonizing phenotype. Transl Androl Urol (2020) 9(4):1630–8. doi: 10.21037/tau-19-763

54. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer (2015) 136(5):E359–86. doi: 10.1002/ijc.29210

55. Zhou, X, Zhai, Y, Liu, C, Yang, G, Guo, J, Li, G, et al. Sialidase NEU1 suppresses progression of human bladder cancer cells by inhibiting fibronectin-integrin α5β1 interaction and akt signaling pathway. Cell Commun Signal (2020) 18(1):44. doi: 10.1186/s12964-019-0500-x

56. Laidler, P, Gil, D, Pituch-Noworolska, A, Ciołczyk, D, Ksiazek, D, Przybyło, M, et al. Expression of beta1-integrins and n-cadherin in bladder cancer and melanoma cell lines. Acta Biochim Pol (2000) 47(4):1159–70. doi: 10.18388/abp.2000_3968

57. Ratliff, TL, Palmer, JO, McGarr, JA, and Brown, EJ. Intravesical bacillus calmette-guérin therapy for murine bladder tumors: initiation of the response by fibronectin-mediated attachment of bacillus calmette-guérin. Cancer Res (1987) 47(7):1762–6.

58. Chen, F, Zhang, G, Iwamoto, Y, and See, WA. Bacillus calmette-guerin initiates intracellular signaling in a transitional carcinoma cell line by cross-linking alpha 5 beta 1 integrin. J Urol (2003) 170(2 Pt 1):605–10. doi: 10.1097/01.ju.0000067623.43110.4c

59. Saito, T, Kimura, M, Kawasaki, T, Sato, S, and Tomita, Y. Correlation between integrin alpha 5 expression and the malignant phenotype of transitional cell carcinoma. Br J Cancer (1996) 73(3):327–31. doi: 10.1038/bjc.1996.57

60. Kato, T, Bilim, V, Yuuki, K, Naito, S, Yamanobe, T, Nagaoka, A, et al. Bacillus calmette-guerin and BCG cell wall skeleton suppressed viability of bladder cancer cells in vitro. Anticancer Res (2010) 30(10):4089–96.

61. Saad, AM, Gad, MM, Al-Husseini, MJ, Ruhban, IA, Sonbol, MB, and Ho, TH. Trends in renal-cell carcinoma incidence and mortality in the united states in the last 2 decades: a SEER-based study. Clin Genitourin Cancer (2019) 17(1):46–57.e5. doi: 10.1016/j.clgc.2018.10.002

62. Breuksch, I, Prosinger, F, Baehr, F, Engelhardt, F-P, Bauer, H-K, Thüroff, JW, et al. Integrin α5 triggers the metastatic potential in renal cell carcinoma. Oncotarget (2017) 8(64):107530–42. doi: 10.18632/oncotarget.22501

63. Hase, H, Jingushi, K, Ueda, Y, Kitae, K, Egawa, H, Ohshio, I, et al. LOXL2 status correlates with tumor stage and regulates integrin levels to promote tumor progression in ccRCC. Mol Cancer Res (2014) 12(12):1807–17. doi: 10.1158/1541-7786.MCR-14-0233

64. Haber, T, Jöckel, E, Roos, FC, Junker, K, Prawitt, D, Hampel, C, et al. Bone metastasis in renal cell carcinoma is preprogrammed in the primary tumor and caused by AKT and integrin α5 signaling. J Urol (2015) 194(2):539–46. doi: 10.1016/j.juro.2015.01.079

65. Mihalopoulos, M, Dovey, Z, Archer, M, Korn, TG, Okhawere, KE, Nkemdirim, W, et al. Repurposing of α1-adrenoceptor antagonists: impact in renal cancer. Cancers (Basel) (2020) 12(9). doi: 10.3390/cancers12092442

66. Baserga, R. The insulin-like growth factor I receptor: a key to tumor growth. Cancer Res (1995) 55(2):249–52.

67. Haruta, T, Uno, T, Kawahara, J, Takano, A, Egawa, K, Sharma, PM, et al. A rapamycin-sensitive pathway down-regulates insulin signaling via phosphorylation and proteasomal degradation of insulin receptor substrate-1. Mol Endocrinol (2000) 14(6):783–94. doi: 10.1210/mend.14.6.0446

68. LeRoith, D, and Roberts, CT Jr. The insulin-like growth factor system and cancer. Cancer Lett (2003) 195(2):127–37. doi: 10.1016/S0304-3835(03)00159-9

69. Alam, N, Goel, HL, Zarif, MJ, Butterfield, JE, Perkins, HM, Sansoucy, BG, et al. The integrin-growth factor receptor duet. J Cell Physiol (2007) 213(3):649–53. doi: 10.1002/jcp.21278

70. Damsky, C. Cell-cell and cell-extracellular matrix adhesion receptors. Ann N Y Acad Sci (2002) 961:154–5. doi: 10.1111/j.1749-6632.2002.tb03069.x

71. Vuori, K, and Ruoslahti, E. Association of insulin receptor substrate-1 with integrins. Science (1994) 266(5190):1576–8. doi: 10.1126/science.7527156

72. Rui, L, Fisher, TL, Thomas, J, and White, MF. Regulation of insulin/insulin-like growth factor-1 signaling by proteasome-mediated degradation of insulin receptor substrate-2. J Biol Chem (2001) 276(43):40362–7. doi: 10.1074/jbc.M105332200

73. Sayeed, A, Alam, N, Trerotola, M, and Languino, LR. Insulin-like growth factor 1 stimulation of androgen receptor activity requires β(1A) integrins. J Cell Physiol (2012) 227(2):751–8. doi: 10.1002/jcp.22784

74. Goel, HL, Sayeed, A, Breen, M, Zarif, MJ, Garlick, DS, Leav, I, et al. β1 integrins mediate resistance to ionizing radiation in vivo by inhibiting c-jun amino terminal kinase 1. J Cell Physiol (2013) 228(7):1601–9. doi: 10.1002/jcp.24323

75. Van der Velde-Zimmermann, D, Verdaasdonk, MA, Rademakers, LH, De Weger, RA, Van den Tweel, JG, and Joling, P. Fibronectin distribution in human bone marrow stroma: matrix assembly and tumor cell adhesion via alpha5 beta1 integrin. Exp Cell Res (1997) 230(1):111–20. doi: 10.1006/excr.1996.3405

76. Putz, E, Witter, K, Offner, S, Zippelius, A, Johnson, J, Zahn, R, et al. Phenotypic characteristics of cell lines derived from disseminated cancer cells in bone marrow of patients with solid epithelial tumors: establishment of working models for human micrometastases. Cancer Res (1999) 59(1):241–8.

77. Stupack, DG, and Cheresh, DA. Get a ligand, get a life: integrins, signaling and cell survival. J Cell Sci (2002) 115(Pt 19):3729–38. doi: 10.1242/jcs.00071

78. Ren, W, Joshi, R, and Mathew, P. Synthetic lethality in PTEN-mutant prostate cancer is induced by combinatorial PI3K/Akt and BCL-XL inhibition. Mol Cancer Res (2016) 14(12):1176–81. doi: 10.1158/1541-7786.MCR-16-0202

79. Schwartz, MA. Integrin signaling revisited. Trends Cell Biol (2001) 11(12):466–70. doi: 10.1016/S0962-8924(01)02152-3

80. Wang, H, Ru, Y, Sanchez-Carbayo, M, Wang, X, Kieft, JS, and Theodorescu, D. Translation initiation factor eIF3b expression in human cancer and its role in tumor growth and lung colonization. Clin Cancer Res (2013) 19(11):2850–60. doi: 10.1158/1078-0432.CCR-12-3084

81. Lv, Z, Li, W, and Wei, X. S100A9 promotes prostate cancer cell invasion by activating TLR4/NF-κB/integrin β1/FAK signaling. Onco Targets Ther (2020) 13:6443–52. doi: 10.2147/OTT.S192250

82. Barker, HE, Cox, TR, and Erler, JT. The rationale for targeting the LOX family in cancer. Nat Rev Cancer (2012) 12(8):540–52. doi: 10.1038/nrc3319

83. Hussen, BM, Hidayat, HJ, Salihi, A, Sabir, DK, Taheri, M, and Ghafouri-Fard, S. MicroRNA: a signature for cancer progression. BioMed Pharmacother (2021) 138:111528. doi: 10.1016/j.biopha.2021.111528

84. Zhang, X, Cheng, SL, Bian, K, Wang, L, Zhang, X, Yan, B, et al. MicroRNA-26a promotes anoikis in human hepatocellular carcinoma cells by targeting alpha5 integrin. Oncotarget (2015) 6(4):2277–89. doi: 10.18632/oncotarget.2956

85. Cimino, D, De Pittà, C, Orso, F, Zampini, M, Casara, S, Penna, E, et al. miR148b is a major coordinator of breast cancer progression in a relapse-associated microRNA signature by targeting ITGA5, ROCK1, PIK3CA, NRAS, and CSF1. FASEB J (2013) 27(3):1223–35. doi: 10.1096/fj.12-214692

86. Yan, T, and Ye, XX. MicroRNA-328-3p inhibits the tumorigenesis of bladder cancer through targeting ITGA5 and inactivating PI3K/AKT pathway. Eur Rev Med Pharmacol Sci (2019) 23(12):5139–48. doi: 10.26355/eurrev_201906_18178

87. Xu, T, Qin, L, Zhu, Z, Wang, X, Liu, Y, Fan, Y, et al. MicroRNA-31 functions as a tumor suppressor and increases sensitivity to mitomycin-c in urothelial bladder cancer by targeting integrin α5. Oncotarget (2016) 7(19):27445–57. doi: 10.18632/oncotarget.8479

88. Juengel, E, Makarević, J, Reiter, M, Mani, J, Tsaur, I, Bartsch, G, et al. Resistance to the mTOR inhibitor temsirolimus alters adhesion and migration behavior of renal cell carcinoma cells through an integrin α5- and integrin β3-dependent mechanism. Neoplasia (2014) 16(4):291–300. doi: 10.1016/j.neo.2014.03.011

89. Tsaur, I, Makarević, J, Juengel, E, Gasser, M, Waaga-Gasser, A-M, Kurosch, M, et al. Resistance to the mTOR-inhibitor RAD001 elevates integrin α2- and β1-triggered motility, migration and invasion of prostate cancer cells. Br J Cancer (2012) 107(5):847–55. doi: 10.1038/bjc.2012.313

90. Vallo, S, Rutz, J, Kautsch, M, Winkelmann, R, Michaelis, M, Wezel, F, et al. Blocking integrin β1 decreases adhesion in chemoresistant urothelial cancer cell lines. Oncol Lett (2017) 14(5):5513–8. doi: 10.3892/ol.2017.6883

91. Wu, Q, Chen, P, Li, J, Lin, Z, Zhang, Q, and Kwok, HF. Inhibition of bladder cancer growth with homoharringtonine by inactivating integrin α5/β1-FAK/Src axis: a novel strategy for drug application. Pharmacol Res (2023) 188:106654. doi: 10.1016/j.phrs.2023.106654

92. Khalili, P, Arakelian, A, Chen, G, Plunkett, ML, Beck, I, Parry, GC, et al. A non-RGD-based integrin binding peptide (ATN-161) blocks breast cancer growth and metastasis in vivo. Mol Cancer Ther (2006) 5(9):2271–80. doi: 10.1158/1535-7163.MCT-06-0100

93. Livant, DL, Brabec, RK, Pienta, KJ, Allen, DL, Kurachi, K, Markwart, S, et al. Anti-invasive, antitumorigenic, and antimetastatic activities of the PHSCN sequence in prostate carcinoma. Cancer Res (2000) 60(2):309–20.

94. Yao, H, Veine, DM, Zeng, ZZ, Fay, KS, Staszewski, ED, and Livant, DL. Increased potency of the PHSCN dendrimer as an inhibitor of human prostate cancer cell invasion, extravasation, and lung colony formation. Clin Exp Metastasis (2010) 27(3):173–84. doi: 10.1007/s10585-010-9316-1

95. Stoeltzing, O, Liu, W, Reinmuth, N, Fan, F, Parry, GC, Parikh, AA, et al. Inhibition of integrin alpha5beta1 function with a small peptide (ATN-161) plus continuous 5-FU infusion reduces colorectal liver metastases and improves survival in mice. Int J Cancer (2003) 104(4):496–503. doi: 10.1002/ijc.10958

96. Ramakrishnan, V, Bhaskar, V, Law, DA, Wong, MHL, DuBridge, RB, Breinberg, D, et al. Preclinical evaluation of an anti-alpha5beta1 integrin antibody as a novel anti-angiogenic agent. J Exp Ther Oncol (2006) 5(4):273–86.

97. Ricart, AD, Tolcher, AW, Liu, G, Holen, K, Schwartz, G, Albertini, M, et al. Volociximab, a chimeric monoclonal antibody that specifically binds alpha5beta1 integrin: a phase I, pharmacokinetic, and biological correlative study. Clin Cancer Res (2008) 14(23):7924–9. doi: 10.1158/1078-0432.CCR-08-0378

98. Besse, B, Tsao, LC, Chao, DT, Fang, Y, Soria, J-C, Almokadem, S, et al. Phase ib safety and pharmacokinetic study of volociximab, an anti-α5β1 integrin antibody, in combination with carboplatin and paclitaxel in advanced non-small-cell lung cancer. Ann Oncol (2013) 24(1):90–6. doi: 10.1093/annonc/mds281

99. Bell-McGuinn, KM, Matthews, CM, Ho, SN, Barve, M, Gilbert, L, Penson, RT, et al. A phase II, single-arm study of the anti-α5β1 integrin antibody volociximab as monotherapy in patients with platinum-resistant advanced epithelial ovarian or primary peritoneal cancer. Gynecol Oncol (2011) 121(2):273–9. doi: 10.1016/j.ygyno.2010.12.362

100. Almokadem, S, and Belani, CP. Volociximab in cancer. Expert Opin Biol Ther (2012) 12(2):251–7. doi: 10.1517/14712598.2012.646985

101. Joshi, R, Ren, W, and Mathew, P. A bispecific antibody targeting the αv and α5β1 integrins induces integrin degradation in prostate cancer cells and is superior to monospecific antibodies. Mol Cancer Res (2020) 18(1):27–32. doi: 10.1158/1541-7786.MCR-19-0442

102. Kim, S, Bell, K, Mousa, SA, and Varner, JA. Regulation of angiogenesis in vivo by ligation of integrin alpha5beta1 with the central cell-binding domain of fibronectin. Am J Pathol (2000) 156(4):1345–62. doi: 10.1016/S0002-9440(10)65005-5

103. Maglott, A, Bartik, P, Cosgun, S, Klotz, P, Rondé, P, Fuhrmann, G, et al. The small alpha5beta1 integrin antagonist, SJ749, reduces proliferation and clonogenicity of human astrocytoma cells. Cancer Res (2006) 66(12):6002–7. doi: 10.1158/0008-5472.CAN-05-4105

104. Martinkova, E, Maglott, A, Leger, DY, Bonnet, D, Stiborova, M, Takeda, K, et al. alpha5beta1 integrin antagonists reduce chemotherapy-induced premature senescence and facilitate apoptosis in human glioblastoma cells. Int J Cancer (2010) 127(5):1240–8. doi: 10.1002/ijc.25187

105. Maier, AK, Kociok, N, Zahn, G, Vossmeyer, D, Stragies, R, Muether, PS, et al. Modulation of hypoxia-induced neovascularization by JSM6427, an integrin alpha5beta1 inhibiting molecule. Curr Eye Res (2007) 32(9):801–12. doi: 10.1080/02713680701553052

106. Ni, Z, and Hui, P. Emerging pharmacologic therapies for wet age-related macular degeneration. Ophthalmologica (2009) 223(6):401–10. doi: 10.1159/000228926

107. Li, R, Maminishkis, A, Zahn, G, Vossmeyer, D, and Miller, SS. Integrin alpha5beta1 mediates attachment, migration, and proliferation in human retinal pigment epithelium: relevance for proliferative retinal disease. Invest Ophthalmol Vis Sci (2009) 50(12):5988–96. doi: 10.1167/iovs.09-3591

108. Färber, K, Synowitz, M, Zahn, G, Vossmeyer, D, Stragies, R, van Rooijen, N, et al. An alpha5beta1 integrin inhibitor attenuates glioma growth. Mol Cell Neurosci (2008) 39(4):579–85. doi: 10.1016/j.mcn.2008.08.005

109. Nam, JM, Onodera, Y, Bissell, MJ, and Park, CC. Breast cancer cells in three-dimensional culture display an enhanced radioresponse after coordinate targeting of integrin alpha5beta1 and fibronectin. Cancer Res (2010) 70(13):5238–48. doi: 10.1158/0008-5472.CAN-09-2319

110. Weekes, CD, Rosen, LS, Capasso, A, Wong, KM, Ye, W, Anderson, M, et al. Phase I study of the anti-α5β1 monoclonal antibody MINT1526A with or without bevacizumab in patients with advanced solid tumors. Cancer Chemother Pharmacol (2018) 82(2):339–51. doi: 10.1007/s00280-018-3622-8

111. Murphy, PA, Begum, S, and Hynes, RO. Tumor angiogenesis in the absence of fibronectin or its cognate integrin receptors. PloS One (2015) 10(3):e0120872. doi: 10.1371/journal.pone.0120872

112. Neubauer, S, Rechenmacher, F, Beer, AJ, Curnis, F, Pohle, K, D'Alessandria, C, et al. Selective imaging of the angiogenic relevant integrins α5β1 and αvβ3. Angew Chem Int Ed Engl (2013) 52(44):11656–9. doi: 10.1002/anie.201306376

113. D’Alessandria, C, Pohle, K, Rechenmacher, F, Neubauer, S, Notni, J, Wester, H-J, et al. In vivo biokinetic and metabolic characterization of the 68Ga-labelled α5β1-selective peptidomimetic FR366. Eur J Nucl Med Mol Imaging (2016) 43(5):953–63. doi: 10.1007/s00259-015-3218-z

114. Kapp, TG, Di Leva, FS, Notni, J, Räder, AFB, Fottner, M, Reichart, F, et al. N-methylation of isoDGR peptides: discovery of a selective α5β1-integrin ligand as a potent tumor imaging agent. J Med Chem (2018) 61(6):2490–9. doi: 10.1021/acs.jmedchem.7b01752

115. Gao, H, Luo, C, Yang, G, Du, S, Li, X, Zhao, H, et al. Improved in vivo targeting capability and pharmacokinetics of (99m)Tc-labeled isoDGR by dimerization and albumin-binding for glioma imaging. Bioconjug Chem (2019) 30(7):2038–48. doi: 10.1021/acs.bioconjchem.9b00323

116. Zhao, H, Gao, H, Zhai, L, Liu, X, Jia, B, Shi, J, et al. (99m)Tc-HisoDGR as a potential SPECT probe for orthotopic glioma detection via targeting of integrin α5β1. Bioconjug Chem (2016) 27(5):1259–66. doi: 10.1021/acs.bioconjchem.6b00098




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhou, Zhu, Luo, Xiao, Zou, Zou and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2023.1165073_cover.jpg
& frontiers | Frontiers in Oncology

Targeting integrin a5B1 in urological tumors:
opportunities and challenges





OEBPS/Images/fonc-13-1165073-g001.jpg
% Fibronectin

o TN B+

AD binding site

Integrin a5p1

Calcium binding site —» <«— Cysteine-rich region

Cytoplasm

I‘ miRNA

l Y
N

l PI3K/AKT

P

Nucleus

Migration, Angiogenesis, Drug-resistance, Invasion, Proliferation






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeting integrin α5β1 in urological tumors: opportunities and challenges

      

        		

          Introduction

        



        		

          Structure, function, and ligands of integrin α5β1

        



        		

          Integrin α5β1-related ligands

        



        		

          Role of integrin α5β1 in common urological tumors

        

          		

            Prostate cancer

          



          		

            Bladder cancer

          



          		

            Kidney cancer

          



        



        



        		

          Mechanism of integrin α5β1-mediated tumor proliferation, metastasis, and drug resistance

        

          		

            PI3 and MAPK signaling pathways

          



          		

            PI3K and FAK/AKT signaling pathways

          



          		

            LOXL2

          



          		

            MicroRNA

          



          		

            Drug resistance

          



          		

            Integrin α5β1 as a specific therapeutic target

          

            		

              Atn-161

            



            		

              Volociximab

            



            		

              BsAbα5β1/αv

            



            		

              SJ749

            



            		

              JSM6427

            



            		

              Other

            



          



          



        



        



        		

          Challenges in the clinical application of integrin α5β1

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Ligand

Functions

Reference

Fibronectin Mediates cell proliferation, migration, (21)
and differentiation

Fibrinogen Mediates cell proliferation, migration, (22)
and differentiation

Fibrillin-1 Mediates cell proliferation, migration, (23)
and differentiation

VEGFR-1 Regulation of angiogenesis, metastasis, (24)
and drug resistance

Adgre5 Mediates cell adhesion, migration, and (26)
angiogenesis

UPAR Induces intracellular signaling, migration, | (28)
and angiogenesis

TRAP Induces intracellular signaling, migration, | (27)
and angiogenesis

PHEV Regulation of actin cytoskeleton (30)
rearrangement

25- Mediates cell signaling and adhesion (31)

Hydroxycholesterol

TinaGL1 Inhibition of integrin/FAK and EGFR (32)
signaling pathways

PSG1 Regulation of extrachorionic trophoblast (33)
migration

Neuropilin Induction of cell migration (29)






OEBPS/Images/table2.jpg
Inhibitor

ATN-161

749
JSM6427

ILA1

Volociximab
MINT1526A

BsAbasp1/
ov

Functi

Inhibits tumor growth, metastasis, and anti-
angiogenesis

Suppresses cell proliferation, anti-angiogenesis
Suppresses cell proliferation

Suppresses cell adhesion and invasion, anti-
angiogenesis

Anti-angiogenesis
Anti-angiogenesis

Suppresses cell adhesion, migration, and clone
survival

Reference

©1)

(101)

(104)

| (108)

(95)
(109)

(100)





